Abstract: In this paper, with the aids of the Monte Carlo simulations, we have investigated the depolarization performances of circularly polarized light (CPL) and linearly polarized light (LPL) transmitted in homogeneous scattering media systems. The depolarization performances depend on the number density, refractive index, and the concrete size distributions of scattering particles. Here, we mainly investigate the mixed ratio and distribution effect of scattering particles on the depolarization performances of CPL and LPL, respectively. The simulation results show that there exist larger mismatches in the depolarization performances between monodisperse and polydisperse scattering systems, and with increasing small particles' proportion the degree of linear polarization decreases slightly, but the degree of circular polarization decreases drastically. When the size distribution of scattering particles obey the logarithmic normal distribution, the simulated results show that the propagation behavior of the incident light in a polydisperse medium system with standard deviation of σ = 0.1 μm can be modeled very well by the corresponding monodisperse medium system with the mean value, however, the approximation will fail for a scattering medium with larger standard deviation of σ = 0.5 μm. These results demonstrated that the depolarization behavior of light was sensitive to the mixed ratio or the distribution state of particles, which was significant to the polarization engineering, such as polarization imaging and polarization based communications.
Introduction
Light polarization based optical techniques are becoming an increasingly popular method of probing heavily scattering media system, such as human body tissue [1] - [4] . The technique is non-contact and unharmful to the patient, which is not very expensive and can offer additional object information for medical diagnosis. The main drawback in using optical techniques originates from the fact that multiple scattering effects within a complex medium system, leads to lose the directionality and polarization information of incident light beam [5] , [6] . To overcome this problem, different techniques, such as time gating and coherence gating techniques, have been applied to extract the non-scattered or the weakly scattered photons from the multiple scattering photons for improving resolution and contrast of the object [7] - [10] , which can reduce the scattering influence of the turbid medium effectively. In fact, polarization characteristics of different materials are distinct, which can be used for medical diagnosis. So if we want to use the distinct polarization characteristics in the medical diagnosis, it is crucial to ensure that the incident light can reach to the region or the target within tissue, and then the target information can be detected from the reflection or the transmission. Thus, for obtaining the information with high precision, the research about multiple scattering effects on the polarization information, such as estimation of the depolarization behavior in a complex medium, is very important for the real applications.
In general, the depolarization characteristics of a medium are influenced by lots of factors, such as the state of incident polarization, the number density, size distribution, shape and refractive index (RI) (n s ) of the scattering particles in the medium system. Recent years, several theoretical investigations have been implemented to understand depolarization process of light in the scattering medium [11] - [13] . Shukla et al. performed an imaging research of an object embedded in a poly-disperse medium system with small-size particles, and their results found that differential polarization detection led to significant improvement of imaging quality for larger particles with high refractive index (RI) (n s = 1.59), especially using circularly polarized light (CPL) as the incidence [14] . Similarly, John D. van der Laan's work also show that CPL incidence can maintain their degree of circular polarization (DoCP) longer in time than the maintaining ability of degree of linear polarization (DoLP) for the incidence of linearly polarized light (LPL) in all types of the forward-scattering environments [15] . But the results are limited to the mono-disperse medium system. Recent studies by M. Ahmad have observed that there exist disagreement in CPL depolarization measurements scattered from tissue samples and from matched polystyrene phantoms [16] . Sankaran et al. had also revealed significant differences in the depolarization behaviors of the propagating polarized light between the biological tissues and matched tissue phantoms, and he had also speculated the differences could come from the different distributions of scattering particle size [17] . Similarly, C. M. Macdonald et al. also presented a method to calculate the magnitude of circular polarization memory in a scattering media, but the depolarization process in more complex media were short of the detailed descriptions, and lacked the depolarization investigation for linear polarization light [18] . The depolarization performances of a complex scattering medium, such as biological tissues, should originate the contributions from a wide distribution of scattering particle sizes, which would be different from mono-disperse system. With this purpose, we try to investigate the effect of a distribution of particle size on the observed depolarization of CPL and LPL incidences.
In our previous study, we have proposed a polarization retrieve method to eliminate the problem of multiple scattering effect in the medium [19] - [23] . Here, we mainly present a quantitative investigation on the depolarization process of the propagating polarized light in a poly-disperse scattering medium. Based on the Monte Carlo (MC) method, the scattering event of the incident light in a poly-disperse system can be traced accurately, which can supply more useful information for medical diagnosis. Considering the complexity of a polydisperse system, we usually use a mono-disperse system to approximate the propagation of light in a poly-disperse system. Here, we try to investigate the dynamic relationship between the depolarization of CPL/LPL and the particles distributions in mono-disperse or poly-disperse systems. For a mono-disperse system, simulation results show that the RI influence of scattering particle is very weak on depolarization for Rayleigh scattering environment, in which the depolarization can be expressed as a function of scattering event, but the RI influence will be reverse for Mie scattering environment. The simulation results also demonstrate that the size distributions of the disperse systems will affect the relative depolarizations rates of CPL and LPL. For a poly-disperse system, the simulation results confirm that CPL and LPL have different depolarization rates, which will be affected by distribution states of scattering particles. The depolarization difference between mono-disperse system and poly-disperse system is particularly important to help us to understand the depolarization behavior of biological tissue better.
Theoretical Background

Monte Carlo Method
In 2005, Prof. Jacques group has proposed a Monte Carlo model to simulate the propagation of polarized light inside scattering medium [24] . Meanwhile, with the developments of the simulating capacity (computer: computing platform), the number of the samples (incident photons) can be increased to a large enough number for the simulation accuracy of the Monte Carlo model, and at that time the Monte Carlo method will be one of the most effective method for the engineering applications. In fact, Monte Carlo (MC) method is also known as the statistical simulation method, which is a kind of very important numerical calculation method based on the theory of probability statistics. Compared with the traditional numerical method, the method shows strong flexibility and easy implementation. In addition, the number of the simulated samples can be modulated according to the simulation precision, and the simulation results by Monte Carlo method have also been proven to agree well with the real experimental measurements [25] , [26] .
Based on the scattering optics, a large number of photons (10 7 ) have been launched normally into a homogeneous scattering media firstly, then, photons interact with the scattering particles inside media system, which will produce the scattering phenomena. The scattering process of the propagated photons in the medium system can be simplified as the collision between the launched photon and scattering particle, and each of the distance between two collisions is the free path of d, which is determined by the nature of the medium itself [25] , [27] , [28] 
where μ e is the extinction coefficient of the transmission or reflection media, μ s and μ a represent the scattering and absorbing coefficients, respectively, and ξ is a random number between 0 and 1. In general, the actual system is a poly-disperse system with different sizes of scattering particles, where the new μ e,total can be expressed as [22] μ e,total =
here x is the fraction of the total volume, x k represent the relative volume fraction of the type of particle in a poly-disperse media system, and
The process of MC simulation involves the probability problem of collision between the photons and particles for a poly-disperse medium, and the collision probabilities depend on the number densities and sizes of certain type of particles inside medium. When a poly-disperse system contains k types of particles, the collision probability can be defined as [22] 
If the generated random number locate between 0 and P 1 , the photon packet will interact with the first type of particles. Similarly, if the generated random number locate between P 1 and P 2 , the photon packet will interact with the 2th kind of particles.
The Mueller Matrix
In general, the simulation follows the Stokes Mueller formalism where the light polarization state is represented by a 4 × 1 Stokes vector (S = [I, Q, U, V] T ). The Stokes vector describes the ellipticity, orientation, and degree of polarization of the characteristics as well as the total intensity of a incident light [11] . The photons reach our detector after being scattered by particles in the medium, allowing us to compute the DoLP and DoCP of the forward scattering or backscattered light, which can be expressed as follows [29] 
In fact, for obtaining the DoLP and DoCP, in the first step, after all of the photons with different polarizations have been received, we will compute an average number for "Q", "U" and "V" respectively. Then we put the averaged "Q", "U" and "V" according into Eq. (5) and (6) for commutating the DoLP and DoCP respectively. Because Monte Carlo method is a statistical process, and if the sampled data is big enough, the obtained average of the degree of polarization is closer to the real scattering process and the concrete detecting process.
The incident photon packets will interact with the particles inside medium system, and the propagation orientations of photons will be changed. After being experienced multiple times' scattering inside the medium system, the escaped photons from the medium can be collected by the detector. If we use Stokes vector S i and S o to represent the polarization states of incident and scattering lights, respectively, the process of scattering can be described by the Stokes-Mueller formalism [29] , [30] as
where R is the rotation matrix connecting the two Stokes vectors that describe the same polarization state with respect to the reference plane and the scattering plane, respectively, α and β are the corresponding rotation angles of the meridian planes, k denotes scattered times, ϕ is the collected angle on the detector and can be expressed as ϕ = −tan −1 (u y /u x ) for the transmitted photon and
is the polar angle difference between the propagation orientations before and after the scattering, and M (θ) is Mueller matrix that describes the behavior of a single scattering in the medium. In addition, a fundamental problem in every Monte Carlo program with polarization information is selecting the angles of θ and β, which can be obtained based on the phase function of the considered scatterers and a rejection method. A detailed description of how to implement a rejection method can be found in [24] . Based on the above theoretical analysis, the simulation can be carried out for a scattering medium with any size parameter of X = 2πan b /λ and any RI ratio of m = n s /n b , where n s and n b express the RIs of particle and background, respectively, and a is the particle radius. Fig. 1 illustrates the schematic of the scattering model, which simulate the propagation of light inside medium system. At first, a monochromatic light with the wavelength of λ = 543.5 nm is incident into the scattering medium along the Z-axis. In order to make each incident photon experience a sufficient number of scattering events, we select the scattering medium with optical thickness of τ = 10 (τ = μ s × d, where μ s is the scattering coefficient and d is the physical thickness). Meanwhile, we define that forward-scattered photons are scattered and collected into the forward detector far away from the incident plane, and conversely, backscattered photons are scattered and collected by backward detector finally. In addition,forward and backward scattered photons can be taken on as the transmitted and reflected photons, respectively. In addition, each scattering event is independent with each other inside medium, regardless of previous scattering directions. If the photon is scattered into the forward detector, the scattering process can be considered as forward scattering; otherwise, if it is scattered into the backward detector, the scattering process can be considered as the backward scattering. Based on our MC simulation, we can trace the scattering photons from different transmission paths, which can be collected finally by the infinite detection plane. 
Monte Carlo scattering model
Mono-Disperse Scattering System
Comparison with the Reported Results
Firstly, in order to demonstrate the correctness and effectiveness of our simulation procedure, the scattering process of polarized light in Mie regime have been carried out with the aids of MC algorithm, in which the scattering medium system is composed of aqueous suspensions (n b = 1.33) of Polystyrene spheres (n s = 1.597) with the diameters of particles of 2.0 μm and 3.0 μm corresponding to the size parameters of 15.4, and 23.1, respectively. Our simulation results have been demonstrated in Fig. 2 , in which degree of polarization (DoP) is demonstrated as the function of the scattering events, and DoP decrease gradually with increasing the scattering events. In addition, the simulation results confirm that the CPL has the superior performance in polarization maintaining than that of LPL for the forward-scattering environments. Meanwhile, our simulation results agree well with the previously reported results [15] , which verify the correctness of our simulation process. With the similar method, we have also investigated the other influencing factors on the depolarization performances of polarized light propagating inside the medium systems. 
The Influence of Refractive Index
Commonly, the pure mono-dispersion phantoms have been used to stand for the actual tissues in the concrete investigations. However, there are some differences in the RIs between the tissue phantoms and the realistic tissue. Therefore, based on MC ray tracing method, we try to investigate the RI influence on the depolarization of polarized light in tissue. At first, a scattering medium with larger-size particles has been considered in the medium system, and because the forward scattering will be dominate for the larger-size particles, here, we mainly analyze the evolution of polarization states from forward scattering photons in the medium.
The RI influences on depolarization performances for the CPL and LPL incidences have been shown in Fig. 3 . From Fig. 3(a) and (b), we can observe that the RI influence on all forward scattering photons is rather weak for a scattering medium with the size parameter of 0.77, in which DoP is just the function of scattering events for CPL and LPL incidences, and involve a very small number of scattering events in this medium system. This effect can be attributed as the contribution of large scattering angle, which make incident polarized light turns into completely unpolarized light soon. And this results can also explain that the scattering times may be a dominate factor of influencing the light depolarization in the Rayleigh scattering medium system. However, as shown in Fig. 3(c) and (d), the effect of refractive index on the depolarization of light is obvious for a scattering medium with the size parameter of 15.4. We can observe that the forward scattering photons from CPL and LPL incidences, for the low-RI medium system (m ≈ 1.01 ∼ 1.2), still remain highly polarized states through a larger number of scattering events. For higher RI, both DoCP and DoLP decrease rapidly, after experiencing less number of scattering events. The above results demonstrate that the RI is an important parameter to influence the depolarization behavior of the polarizaed light inside medium system with large-size particles. Therefore, if we use a mono-disperse system to approximate the propagation of light in a poly-disperse system, the RIs and sizes of scattering particles must be considered. In addition, the polarization states can be used to filter out the multiple scattered photons from the weakly scattered photons based on the analysis of scattering process in the medium.
The Influence of Size Parameter
In the above narration, we can know that particle's size plays an important role for the depolarization of incident polarized lights in the media system with the same RI. Here, we synthetically consider the total depolarization behavior of forward scattering photons inside medium with a wide ranges of size parameters of X (0.1 < X < 50) and RI ratios of m (1.01 < m < 1.2). In Fig. 4 , we show the simulated DoLP and DoCP values of the corresponding polarized incidences after scattering many times in the medium system. If the medium system contains only Rayleigh particles (0.1 < X < 2), the DoLP and DoCP take lower values than those in the medium systems with larger-size particles. As shown in Fig. 4(a) , DoCPs remain higher value for the incident circular polarization, for all Mie scattering regime. However, for the incident linear polarization, as depicted in Fig. 4(b) , the maintaining DoLP demonstrate a higher value when the size parameters of X lies around 10, which agrees well with the results as shown in Fig. 3(d) , and for the larger particles with size parameters bigger than 10, the preserved DoLP show a higher value in the range of |m − 1| ≈ 0.1 only. Meanwhile, the maintaining DoLP decreases gradually within the medium consisting of larger scattering particles (the size parameter lies in the range of 20 ∼ 50) and the relative refractive index below 1.05, which is similar with the performance in the Rayleigh scattering regime as shown in Fig. 3(a-b) , and can be attributed to the sufficiently small RI contrast between the spheres and the surrounding medium [31] , [32] . In Fig. 4(b) , we can also observe that, in the case of relatively small particle size, the depolarization behavior is mainly affected by particle size in the medium, however, with increasing particle size, the influence of RI ratios will be dominant gradually on the depolarization behavior. Comparatively speaking, for a given RI of the surrounding medium, the influence of the large particles' RI on the LPL depolarization is heavier than that of CPL, which could be attributed to the helicity of the CPL that has polarization-maintaining features [33] . The above simulated results indicate that the preserved DoP has a strong dependence on the particle size, RI and the incident polarized state. To some degree, the results explain the differences observed in the relative depolarization behavior of linearly and circularly polarized light inside the scattering medium system.
Poly-Disperse Scattering System
The Influence of Mixed Ratio
The above results demonstrate that particle's size is an indispensable factor for analyzing the depolarization performances of the incident light in the scattering medium system. Previously, we just use pure mono-dispersion system to approximate the propagation of light inside a realistic medium, where we ignore a fact that more complex medium such as biological tissue can be looked on as a mixed scattering medium with different-size scattering particles. Medium containing different particle sizes should make incident polarized light show different depolarization behaviors. With this purpose, we explore the relationships between incident polarized light and particle sizes inside medium. Firstly, we investigate the depolarization behavior of light propagating through a medium with a mixture of two different sizes' particles. To approximate scattering effects from the mixed scattering medium of cell nuclei with smaller interspersed cellular organelles, we choose a mixture with two-size parameters of X = 1.3 and X = 50. The relative RI ratio is selected as m ≈ 1.04 in the medium, which is typical example of biological media with n s ≈ 1.42 (organelles), and n b ≈ 1.37 (cytoplasm). Fig. 5 shows the effect of the proportion of small particles and the scattering events on the CPL and LPL incidences in the scattering medium system. As depicted in Fig. 5(a) , when the medium contains only large particles without small particles, forward diffusion will be dominant (g = 0.9951), and with increasing scattering events, the persisting polarization of CPL incidence is better than that of LPL incidence [33] . After 30 scattering events, DoCP still remains a higher value for the medium system just containing large particles, which then rapidly decrease as the proportion of small particles increases and drop to the lowest value for the medium system just containing small particles. The results explain that small particles are much easier to make incident light depolarize than large particles [28] . For LPL incidence, Fig. 5(b) shows that LPL remain highly polarized for small numbers of scattering events but depolarize more quickly than CPL. Meanwhile DoLP, after 20 scattering events, still remains a high value at particular percentages of 45% and 60% of small particles, and then decrease rapidly as the proportion of small particles increases. We can also observe that for medium system containing large particles only (without the small particles), the DoLP doesn't keep a high value, which agree well with the results shown in Fig. 4(b) . When the medium system contains only small particles without large particles, DoLP has been depolarized nearly after experiencing 7 times' scattering events. The above results indicate that depolarization behaviors for the forward scattering from scattering medium system are sensitive to the proportion of small particles, the number of scattering events and the states of input polarization, which reveal the depolarization behavior of polarized light is dominated by small particles within the two-size particles medium, due to the fact that in a mixture of different sized particles, the major contribution of depolarization comes from photons with larger scattering angles from the smaller sized particles.
Considering the practical application, we usually need to know the total depolarization behavior from scattering medium system. Based on the above photons scattering process analysis, we investigate the total depolarization behavior of photons which experience multiple scattering events and accumulate together on the detector. As shown in Fig. 5(c) , DoCP and DoLP values are theoretically computed from forward scattered and backward scattered photons. We can observe that the tendency of total DoP are consistent with Fig. 5(a) for forward scattering photons, which further illustrates that the proportion of small particles, compared with the scattering events, is a main factor to affect the depolarization behavior of forward scattered photons from scattering medium. However, the depolarization behavior of backward scattered photons from scattering medium are a complex process, and the results show that the backward DoCP has a lowest value at particular percentage of 70% small particles, which then rises to a value of 0.17 as the proportion of small particles increases further. Because for the medium system just containing the large particles, the amount of polarization maintaining photons (experiencing multiple scattering) is larger than the number of helicity flipping photons [11, 28] (backscattering photon) in the detected photons, therefore the DoCP is higher. With increasing the proportion of small particles, the amount of helicity flipping photons will increase accordingly, so the DoCP will decrease slightly. With increasing the proportion of small particles further (higher than 70%), the amount of helicity flipping photons will dominate, and the DoCP will increase accordingly. It is interesting to note that the CPL backscattered is completely depolarized nearly when the helicity flipping photons and polarization maintaining photons cancel out each other fully. For LPL incidence, we can observe that the DoLP rises to the largest value at particular percentage of 55% of small particles, then demonstrates the lowest value at particular percentage of 80% of small particles, and with increasing the proportion of small particles further (higher than 80%), the DoLP slightly increases again. The multiple scattering photons result in a relatively low DoLP, and mirror reflected light causes an increasing the DoLP for medium system containing small particles. Therefore, we can obtain the conclusion that the depolarization behavior of light inside biological tissue (having a percentage of small particles), is different from that of a matched mono-disperse samples.
The Effect of Particle-Size Distribution
In above descriptions, we just consider the combination of two kinds of scattering particles, resulting in the depolarization effect of light within the medium system. In fact, the particle sizes of a realistic scattering system will follow a certain distribution, which will lead to different depolarization effects. Considering the lognormal distribution is applicable to all random process, which can better show the distribution characteristics of actual scattering particles. In addition, when the standard deviation is much smaller, the logarithmic normal distribution can approximate normal distribution well. Therefore, in our poly-disperse scattering system, we assume that the distribution of the particles sizes obey the logarithmic normal distribution [34] , [35] , which can be expressed as
where d is the diameter of the particle, σ is the standard deviation of the distribution, and μ is the mean value of the distribution inside scattering system. Here, we assume that the poly-disperse scattering medium contains eight kinds of particles that have the same RI but different diameters, in which we select eight sizes of the scattering particles for each mean value according to logarithmic normal distribution with a certain standard deviation. For example, for a poly-disperse scattering medium system with the mean value of μ = 1 μm, if the standard deviation of the concrete logarithmic normal distribution is selected as 0.1 μm, as shown in Fig. 6(a) , we can choose eight sizes of the scattering particles as 0.757 μm, 0.834 μm, 0.911 μm, 0.988 μm, 1.065 μm, 1.142 μm, 1.219 μm and 1.295 μm, respectively. Meanwhile, we can also obtain the concrete number densities for each size particle. Of cause, if the standard deviations are changed, such as 0.3 μm and 0.5 μm, as shown in Fig. 6(a) , the concrete eight sizes and the number densities of the scattering particles will changed accordingly. By this method, for every poly-disperse scattering medium system, once the mean values and the concrete standard deviations are determined, we can obtain the concrete diameters and the number densities of the scattering particles.
Then we investigate the depolarization behaviors of the mono-disperse scattering system with mean size and the eight-size poly-disperse scattering system with different deviations. As shown in Fig. 6(b-c) , we depict the forward and backward DoPs for the mono-disperse scattering system with mean diameters and the eight-size poly-disperse scattering system with different mean diameters and different standard deviations, respectively. We can observe that for forward scattered or backward scattered photons, there are some differences in the obtained DoLPs between the pure mono-disperse system with smaller mean size and poly-disperse system with standard deviation 0.5 μm. However, the simulated results from mono-disperse system have no difference almost with a poly-disperse system with standard deviation of 0.1 μm. For the LPL incidences, when the poly-disperse system obey the particle-size distribution with standard deviation of σ = 0.5 μm, the mono-disperse system is an oversimplified method for approaching the poly-disperse system and fail to reproduce the depolarization behavior of light in a poly-disperse system. But we can make use of mono-disperse models to simulate the propagation of light in a poly-disperse medium with less deviation, and the approximated method is simple and convenient to analyze the depolarization of light inside a poly-disperse medium. This phenomenon indicates that the more complex particle-size distribution, the more complex collisions between the launched photons and particles. For the CPL incidences, as depicted in Fig. 6(b) , when the mean sizes of the scattering particles are larger than 1 μm, the obtained forward DoCPs from the pure mono-disperse system agree well with those from the poly-disperse system even with the larger standard deviation of 0.5 μm, and there will be some differences when the mean sizes of the scattering particles are smaller than 1 μm. However, as shown in Fig. 6(c) , the backward DoPs (including DoCPs and DoLPs) will be more complex for the the poly-disperse system with larger standard deviations. From Fig. 6(c) , we can also observe that the backward DoPs (including DoCPs and DoLPs) is less than forward DoPs, which is due to the fact that backscattered photons experience more times scattering events, resulting in the more depolarization behaviors. Above results illustrate that the depolarization performances of the incident polarized lights depend on the standard deviations of the scattering particle size distributions greatly. In particular, when the medium system contains small particles, we cannot ignore this part of depolarization effects. In other words, particle sizes play an important role for the depolarization performances of light inside the scattering medium systems, which means the statistical variations in particle size for investigating the depolarization performances of light cannot be neglected.
Conclusion
In this paper, we have mainly investigated the depolarization behaviors of the incident lights propagating in the mono-disperse and poly-disperse systems. For a mono-disperse system, our simulated results find that the RI and particle sizes are the important effects on the depolarization performances of the incident light. As depicted in this paper, the influence of RI ratios is conspicuous on all forward scattering photons for scattering medium systems containing larger particles, however, the influence is rather weak for scattering medium systems containing Rayleigh particles, and the depolarization of light can be expressed as a function of scattering events only in this regime. For a mixture with two different sizes, the results demonstrate that the evolution of CLP and LPL incidences are greatly influenced by the volume fraction of small particles in the medium. We have also investigated the depolarization performances of the CPL and LPL incidences in the poly-disperse medium systems that obey the logarithmic normal distribution with different standard deviations. The simulated results demonstrate that the depolarization behaviors of the incident lights depend strongly on the standard deviations of the particle-size distribution in scattering medium system, and the statistical variations in sizes of scattering particles for investigating the depolarization performances of light cannot be neglected. Comparatively speaking, we have presented here a method for characterizing concrete polarization memory in different poly-disperses system. Furthermore, the Monte Carlo (MC) method will be significant for the engineering applications, such as the remote sensing in information science, the future non-invasive diagnosing technologies and so on.
